The metabolism of hydroxycinnamic acids by strictly heterofermentative lactic acid bacteria (19 strains) was investigated as a potential alternative energy route. Lactobacillus curvatus PE5 was the most tolerant to hydroxycinnamic acids, followed by strains of Weissella spp., Lactobacillus brevis, Lactobacillus fermentum, and Leuconostoc mesenteroides, for which the MIC values were the same. The highest sensitivity was found for Lactobacillus rossiae strains. During growth in MRS broth, lactic acid bacteria reduced caffeic, p-coumaric, and ferulic acids into dihydrocaffeic, phloretic, and dihydroferulic acids, respectively, or decarboxylated hydroxycinnamic acids into the corresponding vinyl derivatives and then reduced the latter compounds to ethyl compounds. Reductase activities mainly emerged, and the activities of selected strains were further investigated in chemically defined basal medium (CDM) under anaerobic conditions. The end products of carbon metabolism were quantified, as were the levels of intracellular ATP and the NAD ؉ /NADH ratio. Electron and carbon balances and theoretical ATP/glucose yields were also estimated. When CDM was supplemented with hydroxycinnamic acids, the synthesis of ethanol decreased and the concentration of acetic acid increased. The levels of these metabolites reflected on the alcohol dehydrogenase and acetate kinase activities. Overall, some biochemical traits distinguished the common metabolism of strictly heterofermentative strains: main reductase activity toward hydroxycinnamic acids, a shift from alcohol dehydrogenase to acetate kinase activities, an increase in the NAD ؉ /NADH ratio, and the accumulation of supplementary intracellular ATP. Taken together, the above-described metabolic responses suggest that strictly heterofermentative lactic acid bacteria mainly use hydroxycinnamic acids as external acceptors of electrons.
P
henolic acids include aromatic secondary plant metabolites which possess a carboxylic acid functional group. They account for almost one-third of the dietary phenols. Hydroxycinnamic acids, such as caffeic, p-coumaric, and ferulic acids, are the most abundant class of phenolic acids in fruits, vegetables, and cereal grains. They either are covalently bonded to the plant cell wall or are present in soluble form within the cytoplasm (1, 2) .
During plant fermentation, lactic acid bacteria have to interact with inherent phenolics. Depending on the chemical structure and concentration of phenolic acids of the food matrices, bacterial growth and viability are diversely affected. Low concentrations of gallic acid exert stimulatory effects on the growth and malolactic activity of lactic acid bacteria (3) . Conversely, high concentrations of phenolic acids (Ͼ3 mM) negatively affect the integrity of the cell wall and membrane (3) and dissipate the pH gradient (4) . Phenolic acids also delay the metabolism of carbohydrates by lactic acid bacteria (3) .
To the best of our knowledge, the adaptation to and metabolism of phenolic acids have been investigated exclusively for Lactobacillus plantarum and rarely for other Lactobacillus spp. (e.g., Lactobacillus brevis and Lactobacillus fermentum) and lactic acid bacteria used for wine making (e.g., Oenococcus oeni) (3) . On the contrary, the metabolism of phenolic acids by Weissella spp. and Leuconostoc mesenteroides, which are the main lactic acid bacterial species, together with L. plantarum, which is responsible for fruit and vegetable fermentation, has not been investigated or has been only poorly investigated. Strains of Weissella cibaria, Weissella confusa, and Leuc. mesenteroides were proposed to be used as starter cultures to guarantee high-quality standards during vegetable and fruit fermentations (5) (6) (7) (8) . Because of the volatile compounds that are released, the bacterial metabolism of hydroxycinnamic acids may positively reflect on the aroma and sensory properties of fermented foods (3, 9) . Moreover, the human health benefits associated with the consumption of phenolics are, in part, dependent on microbial conversion (10) . More in-depth knowledge of the bioconversion pathways of phenolic acids may facilitate the selection of microbial starters for improved competitiveness and optimal technology and functional features.
Although the metabolism of phenolics by lactic acid bacteria was demonstrated (3), its physiological significance has also been poorly investigated. Degradation of phenolics by lactic acid bacteria is certainly a mechanism to detoxify such compounds (4, 11) . Reduction of phenolic acids may involve the reoxidation of the reduced cofactor NADH, providing an energy advantage through NAD ϩ regeneration (12) . According to this hypothesis, when L. plantarum and Lactobacillus collinoides grew under anaerobic conditions or in the absence of additional electron acceptors, they reduced 4-vinylphenol to 4-ethylphenol for increasing the availability of NAD ϩ (9) .
The exploitation of the real significance of the reduction of phenolic acids may be of particular interest mainly for strictly heterofermentative lactic acid bacteria, which have lower energy yields than bacteria with a homofermentative metabolism. During food fermentations, the competitiveness of strictly heterofermentative lactic acid bacteria depends on the use of external electron acceptors. Several examples of cosubstrates used to oxidize the cofactor NADH by heterofermentative species were previously shown (13) . The reduction of aldehydes or oxidized glutathione was also coupled with the oxidation of NADH to NAD ϩ , which allowed heterofermentative strains to synthesize additional ATP (14) .
This study aimed at investigating the metabolism of hydroxycinnamic acids by strictly heterofermentative lactic acid bacteria as a potential alternative energy route.
The interpretation of strain behavior under the conditions used in this study should help highlight the effects of hydroxycinnamic acids on bacterial growth, physiology, and fermentation end products and should allow the selection of potential starters with high metabolic performance, especially to ferment food matrices with high levels of these compounds.
MATERIALS AND METHODS
Bacterial strains. Nineteen strains of strictly heterofermentative lactic acid bacteria belonging to the Culture Collection of the Department of Soil, Plant and Food Science, University of Bari Aldo Moro, Bari, Italy, were used in this study (Table 1 ). All strains were previously isolated from fruits and vegetables. Strains were identified by partial sequencing of the 16S rRNA, recA, pheS, and rpoA genes. Cultures were maintained as stocks in 15% (vol/vol) glycerol at Ϫ80°C and routinely propagated at 30°C for 24 h in MRS broth (Oxoid, Basingstoke, Hampshire, United Kingdom). Strains of Weissella cibaria, Weissella confusa, and Leuconostoc mesenteroides were used for their leading role during fruit and vegetable fermentations (5) (6) (7) (8) 18) . Lactobacillus rossiae, Lactobacillus brevis, Lactobacillus fermentum, and Lactobacillus curvatus strains were used, as they are frequently involved during spontaneous fermentations of plant substrates (18) .
Chemicals. Caffeic acid, p-coumaric acid, ferulic acid, dihydrocaffeic acid, phloretic acid, dihydroferulic acid, ethylphenol, ethylcatechol, ethylguaiacol, and vinylguaiacol were obtained from SigmaAldrich (St. Louis, MO). p-Vinylphenol was obtained from Lancaster Synthesis (Windham, NH).
MIC.
The MICs of hydroxycinnamic acids (caffeic, p-coumaric, or ferulic acid) during the growth of lactic acid bacteria were determined by the critical dilution assay (11, 19) . The phenolic compounds were dissolved in methanol and diluted in MRS broth to a final concentration of 30 mM. The pH was adjusted to 7.0 with 2 N NaOH, in order to exclude the effect of pH on the activity of phenolic acids. Serial 2-fold dilutions were made with MRS broth (pH 7.0) in sterile 96-well microtiter plates (Greiner Labortechnik). Lactic acid bacterial strains were subcultured in MRS broth under the above-described conditions. Logarithmic-phase cells (ca. 10 8 CFU/ml) were harvested by centrifugation (8,000 ϫ g for 10 min), washed twice with 10 mM phosphate buffer, pH 7.0, and adjusted to ca. 10 5 CFU/ml. Each well was inoculated (10%, vol/vol). The final concentration of phenolic acids in sterile 96-well microtiter plates ranged from 27.3 mM to 1.7 mM. Microtiter plates were incubated for 24 h. After incubation, bacterial growth was determined by measuring the optical density at 620 nm (OD 620 ). The MIC was defined as the lowest concentration of phenolic acids inhibiting bacterial growth. Control wells contained all the components except phenolic acids, which were replaced with distilled water (positive control) or with chloramphenicol (100 g/ ml; negative control).
Metabolism of phenolic acids during growth in MRS broth. MRS broth was supplemented with caffeic, p-coumaric, or ferulic acid at a concentration of 1 mM (1, 11) . Single cells from an overnight culture were inoculated (5%, vol/vol) into supplemented MRS medium and incubated for 24 h at 30°C. Sterile media containing the corresponding phenolic compounds, without a bacterial inoculum, were used as the control. Viable cells were enumerated by surface plating onto MRS agar. The pH was measured by use of a Foodtrode electrode (Hamilton, Bonaduz, Switzerland). After incubation, cells were removed by centrifugation (10,000 ϫ g for 10 min), and the supernatant was acidified to pH 1.5 with hydrochloric acid. Ethyl acetate (3 ml) was used for liquid-liquid extraction. The extracts (20 l) were analyzed by high-performance liquid chromatography (HPLC), using an Äkta purifier system (GE Healthcare Bio-Sciences Corp., Piscataway, NJ) equipped with an XTerra MS C 18 column (particle size, 5 m; 4.6 by 250 mm; Waters, Brussels, Belgium) and a UV-900 detector (GE Healthcare Bio-Sciences Corp., Piscataway, NJ) at 280 nm. Eluent A consisted of 0.1% (vol/vol) formic acid in HPLC-grade water, and eluent B consisted of 0.1% (vol/vol) formic acid in acetonitrile (30%, vol/vol) and HPLC-grade water (10%, vol/vol). Extracts were eluted with the following gradient: 0% eluent B (3 min), 0 to 40% eluent B (10 min), 40 to 60% eluent B (60 min), 60 to 100% eluent B (10 min), 100% eluent B (20 min), and 100 to 0% eluent B (15 min). The efficiency of conversion of hydroxycinnamic acids into their derivatives was calculated as the amount (mmol) of end products produced in a defined period divided by the amount (mmol) of hydroxycinnamic acid consumed in the same period times 100. Identification was confirmed by nano-liquid chromatography (LC)-electrospray ionization (ESI)-mass spectrometry on a Finningan LCQ Deca XP Max ion trap mass spectrometer (Thermo Electron, San Jose, CA) equipped with a nano-ESI interface. MS spectra were automatically collected by Xcalibur software (Thermo Electron) in the negative-ion mode. The total ion current (m/z range, 50 to 2,000) and selected ion-monitoring spectra were recorded and processed with BioWorks software (version 3.2; Thermo Electron). External standards analyzed under the same conditions were used for the identification and quantification of hydroxycinnamic acids and hydroxycinnamic acid derivatives. Vinylcatechol (for which a standard is not available) was identified by comparing its retention time and molecular ion with data reported in the literature.
Growth in CDM. Lactic acid bacterial strains showing phenolic acid reductase activity were grown (with the initial cell number corresponding to ca. 10 8 CFU/ml) anaerobically at 30°C for 24 h in chemically defined basal medium (CDM), which was prepared as described by McFeeters and Chen (20) , supplemented with caffeic, p-coumaric, or ferulic acid at a concentration of 2 mM. This concentration was well below the MIC. CDM not supplemented with phenolic acids was used as the control. Growth was determined by measuring the optical density at 620 nm. The kinetics of growth were determined and modeled according to the Gompertz equation, as modified by Zwietering et al. (21):
where y is the OD 620 at time t, k is the initial level of the dependent variable to be modeled (OD 620 units), A is the difference in cell density between the inoculum and the stationary phase, max is the maximum growth rate (expressed as OD 620 units h Ϫ1 ), is the length of the lag phase (expressed in hours), and t is time. The consumption of hydroxycinnamic acids was determined by HPLC, as described above. After 24 h of incubation, cells and supernatants recovered through centrifugation (10,000 ϫ g, 10 min, 4°C) were used for further analyses.
Glucose consumption and main fermentation end products. The supernatants recovered from cultures grown in CDM were filtered through a Millex-HA 0.22-m-pore-size filter (Millipore Co.) and used to determine glucose, lactic acid, acetic acid, acetaldehyde, and ethanol by HPLC. An Äkta purifier system (GE Healthcare) was equipped with an Aminex HPX-87H column (ion exclusion; Bio-Rad), a UV detector operating at 210 nm, and a PerkinElmer 200a refractive index detector (PerkinElmer, Waltham, MA, USA) operating at 32°C. Elution was at 60°C with a flow rate of 0.6 ml min Ϫ1 , and 10 mM H 2 SO 4 was used as the mobile phase (22) .
Acetic acid and ethanol were also determined by use of a headspace (HD)-gas chromatograph (GC)-mass spectrometer. A Clarus 680 gas chromatograph (PerkinElmer, Shalton, CT, USA) was equipped with a Clarus SQ 8 C mass spectrometer (PerkinElmer, Shalton, CT, USA) and a Combipal CTC autosampler (CTC Analytics AG, Switzerland) with a 2.5-ml HD syringe. The headspace program required vial equilibration at 60°C for 10 min, stirring at 250 rpm, and a syringe temperature of 90°C. The headspace vials (20 ml) were filled with 5 ml of supernatants recovered from cultures in CDM. The GC program used a start temperature of 50°C for 5 min and was increased by 10°C/min to 240°C and held for 5 min at 240°C. The capillary column was an ELITE 624SIL MS (length, 30 m; inside diameter, 0.25 mm; film thickness [DF], 1.4 m). Helium was used as the carrier gas. Mass spectra were recorded in the positive mode from 0 to 29 min over an m/z range from 40 to 200. The scan time was 0.2 s, and interscan delay was 0.02 s. In order to understand the magnitude of hydroxycinnamic acid metabolism in cofactor NAD ϩ regeneration, the carbon and electron balances and the theoretical ATP/glucose yield were estimated. Carbon balances were calculated by assuming the production of 1 mmol CO 2 per mmol glucose. Electron balances were calculated by considering the stoichiometry of the electron donors and electron acceptors involved in glucose metabolism.
Quantification of cofactors NAD ؉ /NADH and intracellular ATP. Cells grown in CDM at 30°C for 24 h under anaerobic conditions were harvested and washed in cold phosphate-buffered saline (Sigma, St. Louis, MO). Cells (ca. 10 9 CFU/ml) were suspended in 400 l of NADH/NAD extraction buffer or ATP assay buffer (Abcam, Cambridge, MA, USA) and transferred into Lysing Matrix E tubes (MP Biomedicals, Santa Ana, CA, USA). Cells were broken through a FastPrep FP120 instrument (Bio 101, Savant Inc., Holbrook, NY, USA) for 40 s at a speed of 6.0. The levels of NAD ϩ and NADH were determined according to the guidelines provided by the manufacturer (Abcam). The results are expressed as the NAD ϩ / NADH ratio. The level of intracellular ATP was determined by use of a colorimetric ATP assay kit according to the manufacturer's guidelines. The results are expressed as the number of nmol ATP/mg protein. The concentration of proteins was determined according to the Bradford method (23) .
ADH and AK activities. Cells grown in CDM at 30°C for 24 h were harvested and washed twice in 50 mmol/liter phosphate-buffered saline. Cells (ca. 10 9 CFU/ml) were suspended in phosphate-buffered saline. Cell extracts were prepared in Lysing Matrix E tubes by using the FastPrep FP120 instrument for 40 s at a speed of 6.0. After centrifugation (14,000 ϫ g, 5 min, 4°C), the supernatant was collected. The alcohol dehydrogenase (ADH) activity of the cell extracts was determined by measuring the rate of oxidation of NADH at 25°C (24) . A mixture without substrate was used as the control, and the rate of formation of NAD ϩ was subtracted from that obtained in the presence of the substrate. The acetate kinase (AK) activity of the cell extracts was determined as described by Fowler et al. (25) . A control assay without substrate was carried out. Activities are expressed as the number of mol of substrate depleted per minute per milligram of total cell protein.
Statistical analyses. Data (at least three replicates) were subjected to one-way analysis of variance, and pairwise comparison of treatment means was achieved by Tukey's procedure at a P value of Ͻ0.05, using the statistical software Statistica for Windows (version 7.0).
RESULTS AND DISCUSSION
Antimicrobial activity of hydroxycinnamic acids. The bactericidal effect of phenolic acids on Lactobacillus spp. was previously documented (3), but no studies have considered heterofermentative species such as Weissella cibaria, W. confusa, Leuconostoc mesenteroides, and Lactobacillus rossiae. After 24 h of cultivation on MRS broth containing caffeic, p-coumaric, or ferulic acid (27.3 to 1.7 mM), the MIC was determined ( Table 2 ). The capacity to tolerate hydroxycinnamic acids (caffeic, p-coumaric, and ferulic acids) was species dependent. Under the experimental conditions of this study, Lactobacillus curvatus PE5 was the most tolerant, followed by strains of Weissella spp., Lactobacillus brevis, Lactobacillus fermentum, and Leuc. mesenteroides, which had the same MIC values. The highest sensitivity to the three hydroxycinnamic acids was found for strains of L. rossiae. This different behavior among the species may be somewhat related to their abundance on matrices that are particularly rich in phenolics (e.g., raw fruits and vegetables containing hydroxycinnamic acids at concentrations up to 2 g/kg [fresh weight]) (26) (27) (28) . In fact, L. rossiae was mainly isolated from the sourdough microbiota (29) (30) (31) (32) and from the gastrointestinal tract of humans (33) and animals (34) . To the best of our knowledge, the only example of isolation from sources highly rich in phenolics was the pineapple (16) . On the contrary, Weissella spp., Leuc. mesenteroides, and L. curvatus are some of the lactic acid bacterial species most frequently isolated from fruits and vegetables and used as starters for controlled fermentations to get optimal hygienic, sensory, and nutritional features (18) . Although the degradation of phenolic acids is the main route used to detoxify these compounds (4, 11), the possibility of other mechanisms of adaptation may not be excluded. Leuc. mesenteroides strains and L. fermentum F1, which did not metabolize hydroxycinnamic acids, had higher MIC values than other species capable of using these compounds (e.g., L. rossiae). Metabolism of hydroxycinnamic acids during growth in MRS broth. Viable cell counts and pH were determined during 24 h of fermentation in MRS broth supplemented with 1 mM caffeic, p-coumaric, or ferulic acid (data not shown). The bacterial inoculum was ca. 8.0 log CFU/ml. Compared to the growth of the control, supplementation with phenolic acids did not significantly (P Ͼ 0.05) affect growth. Regardless of the type of hydroxycinnamic acid used, the cell density increased from 1.4 to 1.7 log CFU/ml for almost all strains. After fermentation, the change in pH (⌬pH) agreed with that from cell growth (data not shown). The metabolism of hydroxycinnamic acids through the activities of phenolic acid decarboxylases and reductases ( Fig. 1 ) was proven after 24 h of fermentation. Substrate consumption and synthesis of metabolites varied depending on the strains and the phenolic acids (Table 3 ). In particular, caffeic, p-coumaric, and ferulic acids may be reduced to dihydrocaffeic, phloretic, and dihydroferulic acids, respectively (Fig. 1, pathway A) , or decarboxylated to the corresponding vinyl derivatives (vinylcatechol, p-vinylphenol, and vinylguaiacol, respectively) ( Fig. 1, pathway B) . Subsequently, vinyl derivatives may be reduced to their corresponding ethyl derivatives (ethylcatechol, ethylphenol, and ethylguaiacol, respectively) (Fig. 1, pathway C) (3) . The percent conversion efficiency was strain dependent. L. fermentum F1 and Leuc. mesenteroides strains did not metabolize hydroxycinnamic acids. All the other strains almost completely consumed caffeic and p-coumaric acids. W. cibaria 3XMR5 showed the lowest percentages of degradation of caffeic and p-coumaric acids (72 and 65%, respectively). Except for W. cibaria 3XMR3 and 3XMR5 and L. brevis POM2 and POM4, which did not degrade ferulic acid, all the other strains completely consumed this compound. Metabolites identified through HPLC and nano-LC-ESI-MS analyses confirmed the degradation through the metabolic pathways of Fig. 1 .
This study first provides a comprehensive overview of the degradation products of hydroxycinnamic acids for a consistent number of lactic acid bacterial species. Phenolic volatile derivatives resulting from the bioconversion pathways may contribute to the aroma attributes of fermented foods. Strains of L. brevis, L. rossiae, and, in part, W. cibaria released these compounds from caffeic and p-coumaric acids. p-Vinylphenol is one of the permitted food additives and is approved for use as a flavoring agent. Ethylphenol is considered one of the most important flavor components of fermented soy sauce (3). Overall, phenol derivatives may exert biological activities. Dihydrocaffeic acid, the reduced derivative of caffeic acid, has well-known and higher antioxidant activity than its precursor (35, 36) . The screening of strains based on enzymatic activities toward hydroxycinnamic acids may allow the selection of starter cultures with both optimal technology and functional features. Knowledge of the metabolism of phenolics in lactic acid bacteria is of great interest in food science; nevertheless, only tannase, p-coumaric acid decarboxylase, and benzyl alcohol dehydrogenase have been genetically characterized for L. plantarum (3, (37) (38) (39) , while the activities of other enzymes on phenolics (e.g., reductase) remain biochemically and genetically uncharacterized.
Under the experimental conditions of this study, reductase activities emerged mainly from the analysis of the metabolism of hydroxycinnamic acids, thus suggesting a specific physiological significance for strictly heterofermentative species. Almost all strains of Weissella spp. and L. curvatus exhibited extensive reductase activity toward all three hydroxycinnamic acids. L. rossiae reduced only ferulic acid. Heterofermentative lactic acid bacteria benefit energetically from the utilization of external electron acceptors to regenerate the reduced cofactor NADH, which allows the synthesis of acetic acid from acetyl phosphate with the concomitant gain of additional ATP. Fermented foods are ecosystems where such metabolic pathways may occur either inductively through the addition of alternative electron acceptors (e.g., fructose during sourdough fermentation) (13) or inherently due to the presence of alternative electron acceptors (e.g., aldehydes during fruit and vegetable juice fermentation) (40) . Phenolics are classical examples of the abovedescribed inherent compounds and are particularly abundant in raw fruits and some vegetables (26) (27) (28) . Tolerance of high concentrations of phenolic acids is indispensable to get optimal microbial growth on these matrices. The metabolic pathways of phenolic acids have been highlighted for L. plantarum (3), but the physiological significance has not yet been fully elucidated. May heterofermentative lactic acid bacteria use phenolic acids as external electron acceptors and gain additional metabolic energy to counteract the stressful conditions generated by phenolics?
To study the use of phenolic hydroxycinnamic acids as external acceptors of electrons, further analyses considered only strains that showed reductase activities (Fig. 1 , metabolic pathway A; Table 3). Representative strains for each species were considered.
Metabolism of hydroxycinnamic acids during growth in CDM. The biochemistry and physiology of strictly heterofermentative lactic acid bacteria showing phenolic acid reductase activity in MRS broth were investigated in CDM (under anaerobic conditions) to simplify the system and to exclude the possibility of the presence of other potential external acceptors of electrons (e.g., oxygen and fructose). The end products of carbon metabolism were quantified, as was the NAD ϩ /NADH ratio, electron and carbon balances, and theoretical ATP/glucose yield (Table 4) . Hydroxycinnamic acids were supplemented in CDM at a final concentration of 2 mM, which was markedly lower than the values of the MICs. After 24 h of fermentation, all hydroxycinnamic acids were completely metabolized (data not shown). Compared to the growth of the control, the presence of phenolic acids did not significantly (P Ͼ 0.05) affect the growth of most of the strains (Table  4 ). The only exceptions found were W. cibaria P9 and L. rossiae 2MR8, which showed significantly (P Ͻ 0.05) higher increases in cell density and growth rate ( max ) when p-coumaric and ferulic acids were added, respectively. Compared to the controls, W. cibaria/W. confusa POM12 and L. curvatus PE5 showed a lower level of consumption of glucose when p-coumaric acid was added to CDM (25 and 20 mmol/liter, respectively, for the controls and 20 and 12 mmol/liter, respectively, with p-coumaric acid). The consumption of glucose did not significantly (P Ͼ 0.05) vary for the other strains under the other conditions of cultivation (Table  4) . Overall, almost stoichiometric ratios between the amounts of fermentation end products and the levels of consumption of glucose were found (Table 4) . Under most of the conditions, the concentration of lactic acid did not differ significantly (P Ͼ 0.05) between growth with and without hydroxycinnamic acids (Table  4) . Compared to the controls, the only significant (P Ͻ 0.05) differences in lactic acid production were found when CDM supplemented with p-coumaric acid was fermented with W. cibaria/W. confusa POM12 and L. curvatus PE5 (27 Ϯ 1 and 22 Ϯ 2 mmol/ liter, respectively for the controls and 22 Ϯ 1 and 18 Ϯ 2 mmol/ liter, respectively, with p-coumaric acid). The lowest concentration of lactic acid production was shown by L. rossiae 2MR8. The data are the means of three independent experiments. Strains in bold were selected to study phenolic hydroxycinnamic acid metabolism as external acceptors of electrons.
b
The efficiency of conversion of hydroxycinnamic acids into their derivatives was calculated as the amount (mmol) of end products produced in a defined period divided by the amount (mmol) of hydroxycinnamic acid consumed in the same period times 100.
c A standard was not available.
Filannino et al. . ⌬OD 620 , increase in cell density; max , maximum growth rate. b CDM was prepared as described by McFeeters and Chen (20) and supplemented with caffeic, p-coumaric, or ferulic acid at a concentration of 2 mM. CDM not supplemented with hydroxycinnamic acids was used as a control. The data are the means of three independent experiments Ϯ standard deviations (n ϭ 3). c Growth data were modeled according to the Gompertz equation, as modified by Zwietering et al. (21) . d Electron balances were calculated by considering the stoichiometry of the electron donors and electron acceptors involved in glucose metabolism. e Carbon balances were calculated by assuming the production of 1 mmol CO 2 per mmol glucose.
Compared to the controls, the concentrations of ethanol significantly (P Ͻ 0.05) decreased (14 to 27%) when W. cibaria P9, W. cibaria/W. confusa POM12, and L. curvatus PE5 were grown with all phenolic acids (Table 4) . No significant (P Ͼ 0.05) variations were found for L. rossiae 2MR8. Both HPLC and HD-GC-MS analyses confirmed these results. Acetic acid was detected only through HD-GC-MS (Table 4 ). For W. cibaria P9 and L. curvatus PE5, compared to the acetic acid concentrations for the controls (921 Ϯ 205 and 2,385 Ϯ 234 mol/liter, respectively), the concentrations of acetic acid significantly (P Ͻ 0.05) increased when W. cibaria P9 and L. curvatus PE5 fermented CDM supplemented with caffeic acid (1,948 Ϯ 225 and 3,136 Ϯ 263 mol/liter, respectively) and p-coumaric acid (1,908 Ϯ 106 and 3,332 Ϯ 201 mol/ liter, respectively). W. cibaria/W. confusa POM12 showed significant (P Ͻ 0.05) increases (30 to 56%) of the concentration of acetic acid with all three hydroxycinnamic acids added compared to that for the control (1,522 Ϯ 207 mol/liter). Acetic acid production also significantly (P Ͻ 0.05) increased during the cultivation of L. rossiae 2MR8 with ferulic acid. The values of these end products affected electron balances, which showed a downward trend when hydroxycinnamic acids were added, suggesting the presence of others external acceptors of electrons. Compared to the ratio for the controls, the ratio between cofactors (NAD ϩ / NADH) significantly (P Ͻ 0.05) increased when W. cibaria P9 fermented CDM with p-coumaric; W. cibaria/W. confusa POM12 and L. curvatus PE5 were grown with all three phenolic acids and with p-coumaric and ferulic acids, respectively; and L. rossiae 2MR8 fermented CDM with ferulic acid (Table 4) . Overall, the energetic advantage derived from NAD ϩ regeneration through hydroxycinnamic acid metabolism was also confirmed by the theoretical ATP/glucose yield. Compared to the theoretical ATP/glucose yield for the controls, it significantly (P Ͻ 0.05) increased when W. cibaria P9 fermented CDM with caffeic acid and W. cibaria/W. confusa POM12 and L. curvatus PE5 were grown with p-coumaric acid (Table 4 ). The intracellular concentration of ATP significantly (P Ͻ 0.05) increased when the results for the control were compared to those for CDM to which hydroxycinnamic acids were added (see Table S1 in the supplemental material). The only exceptions were found for W. cibaria P9 and L. rossiae 2MR8, which showed significant (P Ͻ 0.05) decreases when fermenting CDM supplemented with p-coumaric acid (16.7 nmol ATP/mg protein versus 25.0 nmol ATP/mg protein for the control) and ferulic acid (15.1 nmol ATP/mg protein versus 31.0 nmol ATP/mg protein for the control), respectively. The gain of energy for these strains was probably spent mostly for growth. W. cibaria P9 and L. rossiae 2MR8 were the lactic acid bacteria which showed the highest increases of cell density and growth rate ( max ) during growth in CDM.
Despite the inevitable interference, the complementary techniques used and the number of analyzed metabolites allowed highlight a clear trend. Under most of the culture conditions, the reductase activity toward hydroxycinnamic acids was correlated with the highest levels of ATP (intracellular ATP and theoretical ATP/glucose yield) and the highest NAD ϩ /NADH ratios. ADH and AK activities. Under most of the culture conditions, the synthesis of ethanol decreased when CDM was supplemented with hydroxycinnamic acids. The concentration of acetic acid increased. The levels of these metabolites reflected on the ADH and AK activities. As shown in Fig. 2 , the ADH activities of all the strains significantly (P Ͻ 0.05) decreased when cultivated with hydroxycinnamic acids. 
